The homeobox genes encode a family ofDNAbinding regulatory proteins whose function and genomic organization make them an important model system for the study of development and differentiation. Oligonudeotide primers corresponding to highly conserved regions of Antennapediaclass homeodomains were designed to detect and identify homeobox sequences in populations of DNA or RNA by means of the polymerase chain reaction (PCR). Here we present a survey of sequences detected by PCR using an initial set of primers (HoxA and HoxB) based on an early nucleotide consensus for vertebrate Antennapedia-class homeodomains.
homeobox sequences in populations of DNA or RNA by means of the polymerase chain reaction (PCR). Here we present a survey of sequences detected by PCR using an initial set of primers (HoxA and HoxB) based on an early nucleotide consensus for vertebrate Antennapedia-class homeodomains.
Several novel sequences are reported from both mouse genomic DNA and RNA from the developing mouse telencephalon.
Forebrain-derived clones are similar to the chicken CHox7, Drosophila H2.0, and mouse HLr genes. PCR also proved to be a rapid method for identifying homeobox sequences from diverse metazoan species. Cloning of three Antennapediarelated sequences from cnidarians provides evidence of ancient roles for homeobox genes early in metazoan evolution.
The homeodomain was first described as a polypeptide motif conserved among Drosophila homeotic genes (1) (2) (3) (4) . Hybridization studies (2, 5, 6) and the cloning ofhomeodomain genes from vertebrates (7) (8) (9) demonstrated the remarkable conservation ofthe homeodomain among the higher metazoans. The regulatory function of homeotic gene products originally implied by genetic analyses (10) has been extensively characterized by numerous studies that have included structural analyses revealing the helix-turn-helix conformation of the homeodomain, the demonstration of its DNA-binding capability, and in vitro expression assays designed to measure the effectiveness of homeodomain genes as transcription factors (for reviews see refs. 11-15) . The presence of homeodomain binding sites in the promoters of homeobox genes suggests a complex network of autoregulatory and cross-regulatory interactions within the gene family. The conservation of the homeodomain and its proliferation among the metazoans emphasize the importance of the role of homeobox genes in development and differentiation.
Antennapedia (Antp)-class homeodomains may be defined not only as sequences sharing a high degree of homology with Antp, but also as those more diverged from Antp that are closely linked to Antp-like sequences within gene clusters. In insects, this includes homeodomains located within a single complex, which in Drosophila is split into two half-clusters (ANT-C and BX-C) (16) . For the mammals, this includes all homeobox sequences within four clusters arising from comparatively recent duplication events (17) (18) (19) . Weaker homology exists between the homeodomain and portions of various other DNA-binding regulatory proteins. The term homeodomain now applies to protein sequences that are predicted to form a helix-turn-helix structure and that contain particular conserved amino acid residues (i.e., POU genes, yeast mating-type genes, etc.; for review see ref. 12). These include many sequences that show variable levels of homology with Antp-class sequences but that generally do not show linkage with Antp-class clusters, leaving evolutionary relationships unclear.
The Antp-class homeobox genes are of particular interest because of their developmental expression patterns and their conservation of chromosomal organization (for reviews see refs. 15, [20] [21] [22] . For the most part, genes of this type exhibit a conserved embryonic expression pattern along the anteroposterior axis that reflects their relative position within the cluster. Genes within a cluster are transcribed from the same strand of DNA, giving the entire cluster a 5'-to -3' polarity. Genes at the 3' end ofa cluster have the anterior-most domain of expression during development, and likewise, those at the 5' end are expressed most posteriorly. Conservation of both the orientation and the proximity of genes within homeobox clusters suggests that strict regulatory constraints act on these gene complexes.
Here we show that PCR can be used to rapidly and efficiently survey populations of DNA or RNA for the presence of homeobox sequences. Primers described here were designed from a compiled list of the earliest reported mammalian Antp-class homeobox sequences (17) , which fails to include several sequences reported more recently and most notably those in the more posterior portions of the clusters (19, 22, 23 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
HoxB spans the complement of positions 172-139 with flanking EcoRI and HindIll sites.
Primers were synthesized on an Applied Biosystems model 381A DNA synthesizer. After cleavage and deprotection and two ethanol precipitations, the oligonucleotides were used without further purification.
Genomic DNA Extraction. Mouse genomic DNA was extracted from the spleens of male adults (Mus musculus strain C57B6). DNA from the ascidian Ciona intestinalis and the colonial hydroid Hydractinia symbiolongicarpus was isolated from sperm. For DNA isolation, tissues were ground to a powder in liquid N2 and digested with proteinase K (100 ng/ml) in lysis buffer (100 mM NaCl/10 mM Tris HCI, pH 8/25 mM EDTA/0.5% SDS) (24) overnight at 550C. The solution was extracted twice with an equal volume ofphenol/ chloroform/isoamyl alcohol, 25:24:1 (vol/vol). The aqueous phase was transferred to a tube containing 0.5 volume of 7.5 M NH4OAc and mixed gently. Two volumes of 100% ethanol was layered onto the solution and the DNA was spooled onto a sterile glass rod. The DNA was dissolved overnight in TE (10 mM Tris-HCl/1 mM EDTA, pH 8). Before use, the DNA solutions were extracted three more times with an equal volume of phenol/chloroform/isoamyl alcohol, 25:24:1, reprecipitated with ethanol, and again dissolved in TE.
RNA Isolation and RNA PCR. Telencephalons from eighty 13.5-day mouse embryos were dissected using the telencephalic envagination as a landmark and immediately stored at -80°C. Total RNA was isolated by a single-step method using acid/guanidinium thiocyanate/phenol/chloroform extraction (25) . Poly(A)+ RNA was purified by two cycles of oligo(dT)-cellulose column chromatography (Pharmacia, type 7). Single-stranded cDNA was prepared using an oligo(dT) primer and avian myeloblastosis virus reverse transcriptase (Life Sciences, St. Petersburg, FL) (26) (27) . The DNA ends were "polished" by a final 10-min incubation at 70°C. Cloning and Sequencing. The PCR products (166 bp) were separated by electrophoresis in a 2% regular agarose gel. For cloning, the PCR products were digested with appropriate restriction enzymes and the fragments were gel-purified by electroelution onto DEAE-cellulose. The PCR product inserts were cloned into a pGEM (Promega) derivative (a gift of L. Bogarad, our laboratory, Yale University). DNA minipreparations of individual clones, obtained by alkaline lysis (28) , were assayed for appropriately sized inserts and characterized by double-strand dideoxy sequencing using T7 polymerase and reagents from Pharmacia.
RESULTS AND DISCUSSION
Survey of Mouse Genomic DNA by PCR. Mouse genomic DNA was surveyed by PCR to identify novel homeobox genes as well as to characterize the distribution of homeobox sequences detected by primers HoxA and HoxB under the specified PCR conditions (see Materials and Methods). A total of 100 individual clones were sequenced representing 26 different homeobox genes. Twenty-one previously reported mouse homeobox sequences were detected, as well as 5 novel mouse sequences, 3 of which are most likely homologs of sequences reported for the human. Fig. 1 (Fig. 2) , identical in derived amino acid sequence to the human HOX3I, HOXJH, and HOX3E genes, respectively (19, 23) . Two sequences named MMoxA (4% of clones) and MMoxB (8% of clones) (Fig. 2) are identical in derived amino acid sequence to the chicken CHox7 gene (29) , and differ from one another by 13 silent nucleotide substitutions (data not shown). Hox-2.8 and Hox4.5 are poor templates for primers HoxA and HoxB due to primer mismatches at the 3' ends. Only three other known sequences have gone undetected; Hox-2.4, Hox4.1, and the mouse homolog of human HOX4E. These genes appear to be good templates for primers HoxA and HoxB, and they should be detected as more clones are sequenced. Although the templates all differ in their homology to the primers, there appears to be no significant bias in the distribution of sequences detected, presumably due to the relatively low annealing temperatures used during amplification.
Detection of Homeobox Sequences in RNA Isolated from the Developing Mouse Telencephalon. To identify regulatory genes that might be involved in the development of the forebrain, PCR using primers HoxA and HoxB was performed to survey cDNA from 13.5-day mouse telencephalon for homeobox sequences. Among 25 individual clones tested, 5 different sequences were detected, including 3 previously unreported homeobox sequences. The frequency and distribution of these sequences are unlike those observed for genomic DNA, suggesting that telencephalic RNA is specifically enriched in these sequences. MMoxA was the most frequently observed sequence, present in 56% of the clones. Also detected are MMoxB (16%), Hox4.9 (12%), and a sequence named MMoxC (12%) (Fig. 2) , related to the mouse Hix (30) and Drosophila H2.0 (31) genes. MMoxA and MMoxB are homologs of CHox7 (Fig. 2) , which is expressed during chicken embryogenesis (29) . Only traces of the mouse Hix gene are detected in the developing brain, which could be derived from expression in hematopoietic cells (30) . The detection of these homeobox sequences in RNA isolated from the developing mouse telencephalon raises the possibility that they are involved in the specification and differentiation of the anterior central nervous system. It is not known whether the expression of the MMoxA, -B, and -C genes is restricted to the telencephalon or is more widespread throughout the embryo. In any case, the spatial expression patterns of these genes will be of interest, and they may prove to be regulatory markers for particular aspects of anterior development. Although the expression of CHox7 and mouse Antp: FNRYLTRRRRIEIAHALCLTERQIK Hox4. 9 has not yet been observed in the telencephalon, contamination from neighboring tissues seems unlikely because we do not detect any of the several Antp-class sequences known to be expressed in the hindbrain (15, 21, 32) . It remains possible that we are detecting low levels of these sequences beyond the sensitivity of in situ hybridization. In addition, one clone of En-i was observed, which is known to be expressed in the developing brain (33) (34) (35) , even though it only has 58% homology with HoxA and 70% homology with HoxB.
Evolutionary Survey of Antp-Class Homeobox Sequences. The strict evolutionary conservation of homeobox sequences and their chromosomal organization suggests that the number and type of homeobox genes in a particular species, as well as the organization of those genes, may correlate with the level and complexity of their embryonic development. Such a correlation would make the homeobox gene system crucial to the understanding of evolutionary relationships among the metazoans. Genomic DNAs from selected metazoan species, whose presumed relationships are depicted in Fig. 3a (36) , were surveyed by PCR with primers HoxA and HoxB. PCR products of the size expected from Antp-class homeobox sequences were observed in all species examined (Fig. 3b) , including the hydrozoan Sarsia and the colonial hydroid Hydractinia symbiolongicarpus. To ensure that these products were not artifactual, several clones were characterized for Sarsia. Three sequences related to Antp were observed (Fig. 4) . SAoxl and SAox2 are clearly related to the Antp class. SAoxl is most closely related to Hox-1.6 and lab sequences, while SAox2 is more closely related to Hox-2.8 and pb sequences. SAox3 is most likely an Antp-like homeobox sequence, but is relatively diverged and its relationship to known homeobox sequences is unclear. It shares 15 of 25 amino acids with Ubx but also shares 14 of 25 amino acids with several other types of Antp-class sequences (data not shown). We have also observed sequences similar to SAox2 and SAox3 in other cnidarians (41) . In addition, the Sarsia sequences show a strong bias for A+T-rich codons, a characteristic observed for other cnidarian genes (H. Bode, personal communication). This bias may account for the previous inability to detect these sequences by more classical techniques (5, 6) .
The presence of Antp-class homeobox sequences in cnidarians is of evolutionary significance. The striking conservation of Antp-class homeobox genes and their expression patterns among segmented organisms provided the first evidence of the important role of homeobox genes in developmental regulation. The continuing isolation of Antp-class sequences in nonsegmented organisms such as sea urchin (42) (43) (44) , leech (45) , and the nematode Caenorhabditis elegans (46) (47) (48) (49) attests to the antiquity of the homeobox gene regulatory system. The recent discovery of homeobox genes in higher plants (50, 51) tained by screening the mouse genome with a degenerate oligonucleotide based on one of the most conserved homeodomain motifs (KIWFQNRR). Several novel non-Antpclass sequences were also observed. This appears to be an excellent method for a more exhaustive search for homeobox genes in general. Our PCR method is better applied to a more rapid and less labor-intensive identification of specifically Antp-class sequences, as we now have primer pairs that detect all of the known mammalian Antp-class homeobox sequences (unpublished work). As reports of new and different types of homeobox sequences continue, batteries of different primers can be designed to expand the power of homeobox gene detection by PCR. The continuing application of PCR techniques will provide a powerful and efficient method for the study of the evolution and expression of the homeobox gene family.
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